produce analogs of 2 differing in the alcohol functionalities (C-3, C-4, C-5, and C-20) to better understand the structure-activity relationship of ingenanes.
The synthesis of ingenol (1) presented herein illustrates the power of two-phase logic to deliver an efficient, concise synthesis even in architecturally complex settings. The usefulness of the two-phase approach will undoubtedly continue to expand as new methods for C-C bond formation and C-H oxidation are developed. Furthermore, this report provides a strong rebuttal to the presumption that chemical synthesis is illequipped to deal with the preparation of structurally complex terpenoid drug molecules. Rather, in this instance, total chemical synthesis holds promise as the best method to both prepare ingenol mebutate (2) and enable the development of therapeutic analogs with broader utility in the treatment of human diseases. A strategy for optimizing the properties of synthetic crystalline materials is to deliberately introduce heterogeneity by increasing the number of constituents (1) . This approach can be compromised by the dual challenges of phase separation, lack of order, or both. Multivariate metal-organic frameworks (MTV-MOFs) can meet this challenge by incorporating multiple linkers that bear different functional groups into the same crystal, which creates a heterogeneous interior (2) . This heterogeneity can enhanced selectivity for carbon dioxide (CO 2 ) capture and hydrogen uptake relative to mixtures of pure materials. On a fundamental level, these materials present characterization challenges, in that there are no experimental techniques that can elucidate the intermingling of functional groups that characterizes the heterogeneity within the crystalline MTV-MOFs. For example, this "heterogeneity problem" is intractable for diffraction methods (x-ray, neutron, and electron) and remains unexamined with other characterization methods. We show that multidimensional solid-state nuclear magnetic resonance (SSNMR) combined with molecular simulations can be used to generate three-dimensional (3D) maps of the apportionment of functional groups ( . This method can be applied to other ordered or disordered systems to map the distributions of functional groups, ligands, particles, or defects.
Our analysis indicates that, depending on the combination of various kinds of functionality and their ratios, three distinct apportionments of those functionalities exist: random, alternating, and clustered. Upon discerning these apportionments, we can then predict and explain (i) the CO 2 adsorption isotherm and the observed differences in selectivity, (ii) the changes in apportionment of functionalities as a function of composition and functionality ratio, and (iii) the apportionment in ternary functionality mixtures based on their binary NMR data.
Different interactions between linkers can lead to different apportionment scenarios. Linkers with preferential interactions with each other form clusters, whereas linkers with preferential interactions with different linkers lead to alternating structures. Linkers with no preferences give a random structure. The SSNMR distance measurements represent an average of pairwise interactions throughout the entire sample and thus reflect the average nature of apportionments. The matching of these NMR-derived average distances with Monte Carlo and molecular dynamics simulations allows us to uncover these various apportionment scenarios. We invoked two separate strategies for distance measurements in the MTV-MOF system: 2D correlation experiments (3, 4) and rotationalecho double-resonance (REDOR) NMR (5-9). The former method enjoys broad applicability in polymer science (4), yet was inconclusive in the present study (10) . The latter method proved to be decisive.
The REDOR NMR method provides a quantitative measure of distances between atoms. A pairwise measurement of the distance between two spectroscopically resolved nuclear spins and, hence, the corresponding atoms might seem an unlikely way to assess the apportionment of the functionalities of linkers because of the large number of possible linker configurations. The key to recovering apportionment of the functional groups from this measurement, however, is in how one considers the averaging of point-to-point distances over the entire sample.
In the REDOR method, a period of multinuclear irradiation is incrementally increased so that the pairwise coupling between NMR-active isotopes evolves to yield "decay curves,". These curves are governed by the dipolar coupling constant between two spins (i and j), which is proportional to 1/r ij 3 , where r ij is their internuclear distance (11) . We selectively labeled the spins at different linkersfor example, 13 C on linker X and 15 N on linker Yto probe the intermolecular separation of these linkers. If the linkers are close, the average coupling is large and the decay is rapid; that is, a fast decay means that most of the linkers are in close proximity. Figure 2 provides a sketch of how these decay curves depend on the apportionment of functionalities for the different scenarios possible in MTV-MOF-5-BF. Indeed, faster decay is expected for the scenarios in the order of alternating, random, small, and large clusters (Fig. 2B) .
To measure the REDOR curves, we 15 N labeled, in the case of MTV-MOF-5-BF, each amine group of linker B and measured its coupling to 13 C spins of the methyl groups [19 parts per million (ppm)]. Figure 2C shows the 13 C spectra measured in a 13 
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N} REDOR experiment at a given recoupling time with and without 15 N dipolar modulation, S and S 0 , respectively. The S/S 0 ratio for the resonance at 19 ppm is plotted against a series of recoupling times to give S/S 0 decay data and shown in Fig. 3A . Similar data were obtained for MTV-MOF-5-EF, EI, and EHI and are overlaid on the predicted REDOR curves (Fig. 3A) .
The apportionment can be derived from a model if we assume that linkers with different functional groups are predisposed to have different neighbor preferences and that we can express these preferences as effective interaction energies. A Monte Carlo simulation (12) is then conducted whereby linkers between metal sites are randomly exchanged in a simulated lattice structure; a new apportionment is accepted according to the energy difference between the new and old apportionment. In this way, the effective interaction energies Fig. 1 . MTV-MOF-5 linkers. Six linkers are combined with a Zn 4 O "secondary building unit" to form an MTV-MOF-5. We use the linkers B, E, F, H, and I. Each linker has the same length but differs by their functional groups so that they can be interchanged to form a material with the same crystal lattice but different apportionment of the linkers. The amino and nitro groups on linker B and E, respectively, were 100% isotopically enriched with 15 N, whereas all other nuclei are present at natural isotopic abundance. determine the apportionment in a lattice model for which many configurations are generated using conventional Monte Carlo methods. The different apportionments lead to the distinct REDOR curves because these scenarios result in different average distances between atoms on different functional groups. In an alternating system, the majority of 13 C (on linker X)- 15 N (on linker Y) are paired next to each other, and we observed fast decay. In a clustered system, the number of neighboring 13 C-15 N pairs is far less, and the REDOR S/S 0 decay is relatively flat. A quantitative measure of the REDOR curves was obtained by taking the apportionments of the functional groups from our lattice simulations and replacing the lattice model by the corresponding all-atom model. The subsequent molecular dynamics optimization provided the ensemble average of 1/r 3 for all labeled pairs from which we computed the REDOR curves. Both the experiments and the simulation show that the decay was not sensitive to temperature. Figure 3B shows that for different materials, we could obtain a quantitative match with experimental data for the different apportionment scenarios, which yield materials that are visually quite different. For example, the EF linkers had a random distribution, the EI linkers were alternating, and clusters were formed for the BF linkers. To rationalize these results, we carried out density functional theory (DFT) calculations (10) to address the effect of functional group identity on the energy of formation of the metal-linker complex (table  S3) . Because of the electronegative -NO 2 group, the E linker has the least favorable energy of formation. This accounts for why we have been unable to synthesize a pure E MTV-MOF and why binary and ternary MTV-MOFs have a lower linker E content compared with their synthesis solution (table S1). The implication of these DFT calculations for apportionment is that the structural building units will minimize the number of E linkers, resulting in an apportionment biased toward an alternating structure. The B linker differentiates itself from others in that this linker can form hydrogen bonds both with other B linkers and with the synthesis solvent (13) . One therefore would anticipate clustering in solution as an antecedent for the formation of clusters in the MTV-MOF.
With these apportionments, we can predict the adsorption properties of these materials. Figure 4 shows that the experimental isotherms of MTV-MOF-5-EI and EHI agree well with the ones derived from our best-fit models to the REDOR data and that alternative apportionments of large clusters fail to describe the adsorption isotherms. We can also use this result to rationalize the surprising enhancement of the selectivity for CO 2 over carbon monoxide (CO) observed in the MTV-MOF-5-EHI material compared with the single-linker MOF-5 material (2). The MOF-5 with E linkers lacks selectivity, while the ones with I linkers are too bulky and therefore block the pores. The combination of the two in an alternating functionality apportionment, however, creates the highly selective adsorption sites and sufficient pore space that are responsible for the fourfold enhancement of the selectivity observed previously but unexplained (2) .
Until now, we have used the effective interaction energies as fitting parameters for the NMR REDOR curves. We surmise that these effective energies describe the underlying interactions of the linkers during the formation of the MOF. We can use this model to predict the apportionment. For example, we successfully predicted the apportionments and corresponding REDOR curves of compositions that were not yet synthesized ( fig. S17 ). In addition, we predicted the effect of changes in the linker composition and the ternary linker apportionment on the basis of only binary interaction parameters (tables S6 and S7).
Our strategy to resolve apportionment in a disordered system consists of three parts: the synthesis of systems with disorder distributed upon an ordered lattice (in the present study MTVMOFs); experimental measurement of pairwise distances (here via NMR REDOR); and a computational method that allows us to directly simulate the disorder. This strategy may be employed for many issues in materials engineering, such as defect distributions in crystals and functional group distributions in block copolymers. It is our current vision to design and synthesize materials with crafted heterogeneity so as to carry out complex molecular operations such as recognizing, sorting, and counting substrates.
